Objective: As part of research on the heart-brain axis, we investigated the association of N-terminal pro-brain natriuretic peptide (NT-proBNP) with brain structure and function in a community-based cohort of middle-aged adults from the Brain Magnetic Resonance Imaging sub-study of the Coronary Artery Risk Development in Young Adults (CARDIA) Study.
inTrODUcTiOn Several studies suggest a role for cardiac health in processes relating to brain atrophy and cognitive impairment at older age, leading to hypotheses concerning the heart-brain axis (1) (2) (3) (4) . These hypotheses propose pathways through which cardiac dysfunction affects neurocognitive health, including perturbations in factors regulating cerebral perfusion resulting from blood barrier disruption, altered cardiac output, or atherosclerotic changes, that may, over time, lead to brain atrophy and cognitive impairment (5) .
One promising biomarker of this axis is amino-terminal probrain natriuretic peptide (NT-proBNP), which is released from proBNP along with the physiological active BNP, in response to ventricular wall shear stress. BNP regulates systemic fluid volume through vasodilatation and natriuresis, in part by antagonizing the renin-angiotensin-aldosterone axis (6) . NT-proBNP is more stable than BNP in circulation and is often used clinically as a biomarker for left ventricular dysfunction typically in the setting of heart failure. There is a clear association between heart failure and impaired cognition (7); however, NT-proBNP level is also a subclinical measure of cardiovascular dysfunction and a prognostic indicator of cerebrovascular morbidity and mortality (8, 9) .
The direct physiological function and clinical relevance of peripheral BNP release on the central nervous system is not fully understood. However, the presence in the brain of widely distributed receptors of the natriuretic peptides, including B-type, suggests additional pathways between the heart and brain, which may contribute to later age cognitive impairment (10) . Consistent with this hypothesis, recent studies in older populations show an association between higher NT-proBNP levels and higher risk of dementia and cognitive decline in older adults (11) (12) (13) . To date, few studies have evaluated the direct relationship of NT-proBNP to brain characteristics and data are even more scarce for middle age men and women (14, 15) . Data from younger populations may be particularly helpful to understand the link between NT-proBNP and brain health, given research showing the importance of mid-life exposures to cardiovascular risk factors for later brain changes and cognitive decline (16) . Moreover, younger populations are more likely to present with fewer or less advanced cardiovascular co-morbidities and, therefore, increase the likelihood of identifying earlier associations with NT-proBNP and brain outcomes compared to older populations with more cardiovascular damage.
Here, we investigated the association of NT-proBNP to several magnetic resonance imaging (MRI) measures that have been linked to neurocognitive pathology, including total brain volume, gray matter (GM) volume, white matter (WM) volume, abnormal WM load, and WM microstructural integrity (measured using fractional anisotropy) in a well characterized bi-racial, middle-aged community-based sample participating in the Coronary Artery Risk Development in Young Adults (CARDIA) cohort.
We hypothesized that higher NT-proBNP is associated with an MRI profile reflective of relatively higher load of macro and microstructural alterations. In secondary analyses, we further investigated the association of NT-proBNP to cognitive function and to GM lobar tissue volumes.
MaTerials anD MeThODs study Population
This study is based on a cross-sectional analysis of data collected in a subsample of the 25th year follow-up exam participants from the Coronary Artery Risk Development in Young Adults (CARDIA) Study. CARDIA is a longitudinal study started in 1985 to investigate cardiovascular risk factors in a bi-racial (white/ black) cohort of community-dwelling adults aged 18-30 years at baseline. Recruitment of the cohort (n = 5,115) occurred at sites in four US cities (Birmingham, AL, USA; Chicago, IL, USA; Minneapolis, MN, USA; and Oakland, CA, USA). Participants were then followed for 25 years through seven follow-up study visits (response rate at the Y25 exam was 72%).
At the 25th year of follow-up, participants from three of the four CARDIA study centers (Birmingham, AL, USA; Minneapolis, MN, USA; Oakland, CA, USA) were invited to take part in the CARDIA Brain MRI study. This sub-study aimed to identify structural and functional brain changes associated with cardiovascular risk factor trajectories (16) . Excluding those with an MRI contraindication, and those with a body habitus too large for the MRI tube bore, 719 participants were recruited within sex-race groups that aimed to mirror the total CARDIA cohort: 35% (n = 252) from Oakland, 41.3% (n = 297) from Minnesota, and 23.6% (n = 170) from Birmingham.
The CARDIA Brain sub-study was carried out in accordance with the recommendations of site-participating local institutional review boards (IRBs) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the IRB covering intramural research at the National Institute on Aging.
Plasma nT-proBnP Measurement
N-terminal pro-brain natriuretic peptide concentration was measured from Year 25 samples using the proBNP II electrochemiluminescence immunoassay on a Cobas e411 chemistry analyzer (Roche Diagnostics Indianapolis, IN, USA). The measuring range is 5-35,000 pg/mL (defined by the lower detection limit and the maximum of the standard curve). The inter-assay coefficient of variation is less than 5%. All NT-proBNP assays were performed in the Laboratory for Biochemistry Research at the University of Vermont.
Mri acquisition and analysis
As previously described (16), brain scans were acquired using 3-T MRI scanners (Oakland: Siemens 3 T Tim Trio/VB 15 platform; Minneapolis: Siemens 3 T Tim Trio/VB 15 platform; and Birmingham: Philips 3 T Achieva/2.6.3.6 platform) located proximally to each participating study center. Post-scan imaging analysis took place at a central processing center (Biomedical Imaging Analysis, Department of Radiology, University of Pennsylvania). Standardized quality-control measures developed for the Functional Bioinformatics Research Network and the Alzheimer's disease Neuroimaging Initiative (ANI) were implemented on all images. Eight scans did not pass the quality-control checks and were removed from the analysis.
The preprocessing of the T1-weighted scan involved brain extraction (i.e., the removal of the skull, extracerebral tissues, and cerebellum) using a multi-atlas segmentation method (17) , correction of image inhomogeneities (18) , and segmentation of the brain parenchyma into GM, WM, and cerebrospinal fluid (19) . Total brain volume was obtained by summing GM and WM volumes; total intracranial volume was the sum of GM, WM, and cerebral spinal fluid volumes. The brain was segmented into anatomical regions by transferring expert defined region of interest (ROI) labels on a standard template image space to the subject T1 space through nonlinear registration (20) . GM and WM were classified into regions of interest according to the Jakob atlas and further into normal and abnormal and tissue (21) . Within each ROI, GM and WM volumetric measurements are calculated.
The brain volumes of interest in this study were total brain volume, total GM volume, and total WM volume, as well as lobar GM volumes in the frontal, temporal, and parietal lobes. Regional GM volumes include abnormal and normal tissue; abnormal tissue volume was very low in our cohort. We also investigated the association of NT-proBNP to abnormal WM volume which includes WM tissue damage due to ischemia, demyelination, inflammation, and damaged penumbra tissue surrounding focal infarcts. Because abnormal WM load was low in our sample, we categorized it into high (top 15% of the abnormal WM distribution) versus no-to-low abnormal WM. We evaluated WM integrity, measured using fractional anisotropy from diffusion tensor imaging with higher values indicating better signal diffusion along WM tracts (16, 22) .
cognitive Function
Three cognitive function tests were performed as part of the core CARDIA Year 25 exam. All cognitive tests were conducted and scored by a certified technician. A script was used for each test and the tests were performed in the same order across subjects to enhance standardization. The Digit Symbol Substitution Test (DSST) assesses cognitive speed, attention, and concentration (23, 24) . The Stroop Test assesses executive function and selective attention (25) . The Rey Auditory-Verbal Learning Test assesses learning ability and both short-term and delayed memory (26) . All scores were converted to z-scores prior to analysis.
covariate Measures
In our analysis, we accounted for the following potential confounding variables, measured at the Year 25 exam, which were associated with either NT-proBNP and brain volumes in our sample or in prior literature: age, sex, race, total intracranial volume (to correct for head size), education (high defined as >12 years of education, indicating an educational attainment higher than high school, or low ≤12), smoking status (nonsmoker, ex-smoker, or current smoker), body mass index (BMI, kg/m 2 ), systolic and diastolic blood pressure measurements (average of the second and third blood pressure readings), total cholesterol (mg/dL), glomerular filtration rate (GFR) [estimated using a standard equation that includes serum creatinine concentration, sex, age, and race (27) ], diabetes (defined as fasting glucose ≥126 mg/dL or 2 h glucose tolerance test ≥200 mg/dL or hemoglobin A1c ≥6.5% or self-report of taking diabetes medi cation, all in the absence of pregnancy), hypertension medication use (self-reported at Year 25), renal history (defined as any self-reported history of kidney problems, or diagnosis of nephritis), cardiovascular history (defined as any self-reported heart problems, heart or stroke medication use, or any history of heart problems, heart attack, angina, stroke, or heart failure), and study center. Due to the low frequency of reported cardiac problems in this younger sample, we combined the different cardiovascular disease conditions into one indicator of having history of cardiovascular history versus no history. Missing covariate data (or answers of "unsure") (n = 14) were replaced with values acquired from a previous exam.
cardiac Output
In sensitivity analyses, we further adjusted for cardiac output to assess whether the associations between NT-proBNP and brain volumes were independent of a more direct measure of perfusion capacity. Cardiac output measurements were acquired at the Year 25 exam by trained sonographers using a standardized protocol for echocardiogram collection. Measurements were made at the Johns Hopkins University using a standard software analysis system (Digisonics, Houston, TX, USA) (28).
analytical sample
Of the 719 subjects participating in the Year 25 MRI exam, 654 had plasma samples drawn at the same exam the MRI was acquired. Of those, 634 subjects had successfully assayed NT-proBNP levels and successfully processed structural MRI scans and these constituted our analytical sample for the brain volume analyses. Among these individuals, five had clinical levels of >400 pg/mL. Cardiac output was measured in a subset of 564 participants. Fractional anisotropy was measured in subset of 626 participants, and of those, 556 had cardiac output data.
statistical analyses
Descriptive measures are reported for the whole sample and across tertiles of NT-proBNP. Differences in covariates across NT-proBNP tertiles were tested with chi-square for categorical variables and analysis of variance for continuous variables. We used ordinary least squares linear regression models to estimate the associations of NT-proBNP to total brain, total GM, and WM volumes, as well as regional brain volumes, WM integrity, and cognition. Logistic regression models were used for abnormal WM load to compare the top 15% of the sample with the rest of the cohort.
The distribution of NT-proBNP levels was right-skewed ( Figure S1 in Supplementary Material) and the distribution of residuals was non-normal when regressing brain volumes on NT-proBNP; therefore, we used natural log transformation for NT-proBNP in all regression models. Brain volumes were normally distributed in our sample. Three models were examined: Model 1 adjusted for sex, age, race, and total intracranial volume. Model 2 additionally adjusted for potential confounders: education level, smoking status, body mass index, hypertension medication use, systolic blood pressure, diastolic blood pressure, history of diabetes mellitus, history of cardiovascular events, history of renal problems, GFR, total cholesterol, and study center. Model 3 adjusted for all covariates in Model 2 plus cardiac output measured by echocardiography at the Year 25 exam. As Model 3 was based on 564 participants with cardiac output, we re-ran Models 1 and 2 to verify that conclusions of the main analysis were not different in this subsample. We similarly re-ran Models 1 and 2 with the subset of 556 participants who had WM integrity measured by fractional anisotropy.
To illustrate the main findings, we plotted the sex, age, race, and ICV-adjusted gray matter volume (based on Model 1) that corresponded to the mean NT-proBNP for each decile of NT-proBNP. As our sample and others (29) showed that, compared to men, women had higher concentrations of NT-proBNP and given previously reported sex-differences in cardiac disease, we tested for interactions between sex and NT-proBNP for the brain volumes of interest.
All analyses were performed using R Statistical Software (30), version 3.3.1.
resUlTs sample characteristics
The mean age in our sample was 50.4 years with a range of 46-52 years: 52% were female, 61.5% were Caucasian, and 38.5% were African-American ( Table 1) . Distributions of NT-proBNP were different across these demographic factors with older subjects, women, and Caucasians having higher NT-proBNP levels ( Table 1) . History of cardiovascular disease was present in 12% of the cohort, history of renal disease in 6.5%, and diabetes in 10.4% (Table 1) . Mean (±SD) total brain, total WM, and total GM volume were 985 (±107.1), 466.8 (±59.4), and 518.2 mL (±53.7), respectively.
Primary results
Higher NT-proBNP concentrations were associated with smaller total GM volume (β = −3.44; 95% CI = −5.68, −1.20), but not with total WM volume (β = 0.45; 95% CI = −2.13, 3.029) after adjusting for potential confounders in both Model 1 and the fully adjusted Model 2 ( Table 2 ). Based on Model 2, each unit higher log (NT-proBNP) concentration was associated with a 3.441-mL smaller total GM volume ( Table 2) . This means that a 10% higher serum NT-proBNP level is associated with a 0.328 mL (log (1.1)*3.441) smaller GM volume. The association between NT-proBNP and total GM volume was attenuated slightly, but remained statistically significant, after including cardiac output ( Table 2 , Model 3). 
Coefficient represents the difference in brain tissue volume (milliliter) corresponding to 1 unit increase in logNT-proBNP (picograms/milliliter). b Logistic regression models with outcome as dichotomous variable split into high (top 15% of cohort) versus low (bottom 85% of cohort). c
Measured by fractional anisotropy.
FigUre 1 | The relationship between gray matter volumes (mL) and N-terminal pro-brain natriuretic peptide (NT-proBNP) levels (pg/mL) adjusted for age, sex, race, and total intracranial volume (Model 1). The line was constructed by connecting the 10 total gray matter volume adjusted estimates for each NT-proBNP concentration that corresponds to the means of NT-proBNP deciles. This inverse relationship of NT-proBNP with GM volume is illustrated in Figure 1 , which represents the adjusted GM volume, based on Model 1, at each of the NT-proBNP values that correspond to the mean of each of the NT-proBNP deciles.
In sensitivity analyses, removal of the five subjects with NT-proBNP concentrations greater than 400 pg/mL (indicating potential heart failure) did not substantially change the association between NT-proBNP and total GM (β = −3.37; p = 0.0061 when >400 pg/mL values removed versus β = −3.44; p = 0.003 in Model 2). Results of Models 1 and 2 were attenuated but remained significant at p < 0.02 when they were rerun on the subsample of 564 with cardiac output data (β = −3.04; p = 0.01 in Model 2).
The association of NT-proBNP and total GM volume was not significantly different between men and women (p = 0.42 for interaction term in Model 1). We additionally explored whether the association was modified by race, body mass index, and renal function, given their potentially important relationships to NT-proBNP (31) (32) (33) , and found no indication of effect modification (p for interaction terms > 0.27).
There was no association between NT-proBNP and abnormal WM load (OR = 0.88; 95% CI = 0.63, 1.24; Table 2 ) or WM integrity (β = −0.001; 95% CI = −3.34, 0.001; Table 2 ). Conclusions were similar in the model adjusted for cardiac output ( Table 2 , Model 3).
secondary results
Higher NT-proBNP levels were associated with smaller temporal GM volume in the fully adjusted model (β = −1.27; 95% CI = −2.11, −0.43; Table 3 , Model 2) and-although slightly showed a trend of association with worst Stroop scores (p = 0.05 and 0.01 in Model 1 and 2, respectively).
DiscUssiOn
In this community-based middle-aged cohort, we found that higher serum NT-proBNP concentration is significantly associated with smaller total GM volume, adjusting for cardiovascular risk factors and cardiac output. Secondary analyses suggested the associations were diffuse across the frontal, parietal, and temporal lobe GM, with relatively stronger results in the temporal lobe. We also found an association between NT-proBNP and lower processing speed scores on the DSST. In contrast, NT-proBNP levels were not associated with WM tissue volume, WM abnormalities, or WM integrity, and the association with NT-proBNP and GM volume was not different in men and women.
There is an accumulating body of literature linking NT-proBNP to various MRI markers for subclinical brain injury including cortical volumes, silent brain infarcts, WM hyperintensities, and cortical cerebral microinfarcts (14, 15, 29, (34) (35) (36) . More recently, a few studies have investigated the associations of NT-proBNP with earlier and more general brain features and have reported that the strongest associations are with gray matter volume (36, 37) . The present study contributes to this literature by reporting a strong association with gray matter, and no association in WM volume or integrity in a cohort with the youngest mean age yet, and that is thought to already present important indicators of the risk of pathologic cascade to dementia. Although no direct conclusions can be drawn about risk of cognitive decline following this analysis, our observation that the strongest GM association was observed with in the temporal lobe is concordant with observations suggesting that the medial temporal lobe gray matter is the locus of greatest atrophy in cognitively intact individuals at high risk for dementia (38) .
Finally, we found that NT-proBNP levels were associated with lower DSST scores. This finding supports recent observations of a longitudinal association between NT-proBNP and future cognitive impairment (39, 40) . In fact, one study observed a longitudinal association with processing speed measured by DSST but not other domains (41) .
The mechanisms that link the cardiovascular system with brain structure and function are not well understood, but are being actively investigated (42, 43) . Reduced cardiac output or hypertension is hypothesized to mediate reduced cognitive function via a loss of cerebral vascular autoregulation resulting in hypoxia and regional tissue atrophy (43, 44) . The findings in this study suggest that NT-proBNP concentrations within normative ranges and below diagnostic thresholds for clinically overt heart failure (<400 pg/mL) may be an early marker of dysfunction in both the heart and the brain in middle-aged adults (45, 46) . The observation that gray matter may be the first sign of cognitive decline in the heart-brain axis is plausible given evidence suggesting the medial tempo-parietal cortex is preferentially affected by reduced blood flow because of its relatively high metabolic demand (47). Further, although results were attenuated after adjusting for cardiac output, the findings suggest a potentially more direct relationship between NT-proBNP and attenuated-after adjustment for cardiac output (β = −1.10; 95% CI = −1.20, −0.21; Table 3 , Model 3). There were marginal associations between higher NT-proBNP and smaller gray matter volumes in the frontal and parietal lobes (p = 0.06 in Model 2 for both), which were attenuated when cardiac output was taken into account (p > 0.1 in Model 3). Association with cognitive function: Higher NT-proBNP levels were associated with significantly lower DSST scores (β = −0.12; 95% CI = −0.21, −0.03; Table 4 , Model 2) and brain structure beyond its role as marker of myocardial wall stress, possibly related to the presence of BNP receptors on neuronal tissue which may affect cerebral function through the regulation of blood barrier integrity, synaptic transmission, and the modulation of both the systemic and central nervous system stress response (48) .
An important consideration for the hypothesis that BNP acts via the heart-brain axis to mediate neuronal tissue loss by first being released as a result of cardiac dysfunction is whether NT-proBNP measured in the serum is entirely cardiac derived or is partially derived from neuronally expressed pre-proBNP. Although the majority of BNP-producing tissue is cardiac in origin (49), we are unaware of any investigation which quantifies the relative amount measured in serum. In fact, while BNP is variably found throughout the brain, the lack of mRNA expression in neuronal tissue for the B-type peptide suggests that pre-proBNP may not be synthesized by neuronal tissue at all, and thus all NT-proBNP measured in serum would be derived from cardiac pre-proBNP (50) . Characterizing the expression profile of BNP within the CNS, as well as elucidating the specific actions of BNP from the periphery on the CNS, will be important areas of investigation going forward.
strengths/limitations
This study has several strengths. We investigated the association of NT-proBNP and brain structure and function, in a welldescribed community-based cohort of middle-aged adults. This potentially limits confounding by accumulated exposure to cardiovascular risk factors and cardiovascular disease burden typically observed in older populations. It also reduces the concern for "reverse causality" whereby brain changes lead to changes in cardiovascular risk factors and not the other way around, as is possible in studies of older persons. Other strengths include the community-based sample, which increases the range of health in the sample, and adjustment of several potential confounders, including echocardiography measures of heart function.
Because this study is cross-sectional, we cannot make robust inference on the directionality of the observed association between NT-proBNP and smaller brain volumes. Further, we cannot exclude the possibility that unmeasured confounders (such as genetic or other developmental processes that simultaneously affect both heart and brain health) contributed to the observed association between NT-proBNP and GM volume, even though we adjusted for a number of cardiovascular risk factors. Another issue concerns the fully automated procedures of brain volume estimation, which are optimal for large community-based studies, but can potentially include measurements error due to residual inter-subject variability. However, the errors are unlikely to be systematically related to NT-proBNP and to be driving our results.
conclusion
We observed a significant association between higher NT-proBNP concentration and lower total GM volume, but not total WM volume or WM integrity and abnormalities, in a bi-racial cohort of 634 community-dwelling participants with a mean age of 50 years. This association was significant after adjusting for cardiovascular risk factors as well as cardiac output. Higher NT-proBNP concentrations were also associated with poorer processing speed. Our findings highlight a potentially differential relationship between subclinical markers of cardiac health and GM tissue at younger age and motivate further research into biomarkers of cardiac dysfunction as early markers of a brain at risk and into the temporal succession of the deterioration of brain health in relation to cardiac pathology.
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